The applicability of theoretical energy analysis to the evolution of microstructures in heat-resistant steels was explored by using the system free energy method to predict the precipitation of M 23 C 6 and s phase within grains in 18Cr-8Ni austenitic steels. The chemical free energy of Fe-C-Cr-Ni quaternary steel and the interfacial and elastic strain energies between austenitic (g) matrix and the M 23 C 6 and s phase were estimated for the system free energy of microstructures wherein coherent or incoherent M 23 C 6 and the incoherent s phase precipitated within g grains. By identifying the minimum-energy path through a determination of system free energy hierarchies, the precipitation initiation curves of precipitates in Fe-0.07C-18.95Cr-9.57Ni steel for temperatures between 823-973 K were theoretically predicted. The calculated curves agreed well with experimental results for Type 304H austenitic steels; this suggests that the system free energy method is suitable for predicting the evolution of microstructures in heat-resistant steels.
Introduction
A considerable number of research and development activities have focused on heat-resistant steels for improving the energy efficiency of power plants. An improvement in the energy efficiency will help in conserving fossil fuel resources and reducing CO 2 emissions. In order to develop high-strength heat-resistant steels, it is necessary to understand the long-term stability of microstructures at high temperatures. However, the investigation of the stability of microstructures solely through long-term experimental studies employing large number of samples is a highly inefficient process. Therefore, we believe that the theoretical analysis and prediction of the evolution of microstructures is one of the most important research areas in the field of heat-resistant materials.
The temporal evolution of microstructures is usually analyzed theoretically on the basis of time-dependent differential equations such as diffusion equations and master equations. However, because differential equations that describe diffusion-controlled phenomena generally include nonlinear terms, it is difficult to apply kinetic analyses to complex reactions despite the remarkable developments in computer science in recent times. Most practical heat-resistant materials consist of many components, and their high-temperature stability is attributed to the presence of complex microstructures, including numerous kinds of precipitates. Therefore, predicting the evolution of microstructures in heat-resistant materials by the kinetic analysis method is extremely difficult.
Miyazaki and Koyama 1,2) discussed the possibility of predicting diffusion-controlled microstructural changes by means of the system free energy method. One of the advantages of this method is the ease with which the free energy of systems, including microstructures with numerous types of precipitates (as is the case with practical multicomponent materials), can be evaluated since complex nonlinear equations are not required in the calculation. Furthermore, when the system free energies are evaluated, the method is expected to enable the prediction of the temporal evolution of many competing reactions since the method comprehensively compares every microstructural change on a common scalar scale of energy. The system free energy method has successfully been employed for predicting the effect of coherent strain energy on the equilibrium between the fcc matrix and the Ni 3 (Al, Ti) phase in Ni-Al-Ti alloys, 3 ) the time-temperature-transformation diagram for Nb-Zr alloys, 4) and the morphology of the Laves phase in Fe-C-Cr-W quaternary steels. 5) 18Cr-8Ni austenitic steels contain the basic elements of heat-resistant steels, and the evolution of microstructures in this steel has been comprehensively investigated over a time span of ϳ180 000 h at temperatures in the range of 823-1023 K. 6, 7) However, the evolution of microstructures in 18Cr-8Ni steels, as well as that of heat-resistant steels in general, has not been analyzed theoretically. We therefore employ the system free energy method to predict the precipitation of M 23 C 6 carbide (where M means metallic alloying element) and the s phase within the austenite (g) grains in an 18Cr-8Ni steel. We also discuss the applicability of theoretical energy analysis in the elucidation of the evolution of microstructures in heat-resistant steels.
System Free Energy Method

General Explanation of the Application of the System Free Energy Method to 18Cr-8Ni Steel
The system free energies of the microstructures in which precipitates (M 23 C 6 and s phase) formed in the g matrix were estimated from the sum of the following quantities: chemical free energy G 0 of the Fe-C-Cr-Ni quaternary steel, the elastic strain energies E str resulting from difference in the lattice constants between the g matrix and the respective precipitate, and the interfacial energies E surf between the matrix and the respective precipitate. In this study the elastic interaction energy is not taken into account since the volume fractions of M 23 C 6 and s phase in the steel are small. The system free energy of the microstructure is given by the sum of these energies: G system ϭG 0 ϩ E str ϩE surf .
The relationship between the evolution of microstructures and the free energy change can be plotted for the abovementioned case, as shown in Fig. 1 . This figure presents a schematic illustration of the changes in the free energy during precipitation in the g matrix. The dashed curves labeled G g and G p show the composition dependence of the chemical free energy of the g matrix and the precipitates, respectively. If the concentration of precipitates formed in the g matrix reaches c p and the concentration of the g matrix in the steel is c g with the average concentration being c 0 , the free energy is generally assumed to decrease from the energy level of the supersaturated g solid solution G s to the equilibrium energy level G 0 . However, because precipitation invariably results in additional free energies such as the elastic strain energy and interfacial energy, the total free energy of the microstructure is not G 0 but G system . Consequently, the change in the free energy resulting from the precipitation is only (G s ϪG system ), and the remaining energy (G system ϪG 0 ) gradually decreases during the subsequent structural coarsening of the precipitates or the loss of coherence between the matrix and the precipitates. Therefore, an evaluation of G system and the identification of the minimum energy path is expected to enable the prediction of M 23 C 6 and s phase in the precipitation in 18Cr-8Ni austenitic steel. where y i I is the site fraction of the i atoms (where iϭFe, Cr, Ni) in the substitutional sublattice, y m II and is the site fraction of carbon atoms or vacancies (mϭC, VA) at interstitial sites. °G g i:m is the molar Gibbs energy of a pure metal or a stoichiometric carbide with an fcc structure in which the substitutional sites are occupied by i atoms and the interstitial sites are occupied by carbon atoms or vacancies. R and T are the universal gas constant and the absolute temperature, respectively. L g i,j:m is a parameter that represents the atomic interaction between the i and j atoms in the fcc structure when the interstitial sites are occupied by carbon atoms or vacancies, and L g i:C,VA is the parameter that describes the atomic interactions between a carbon atom and a vacancy when the substitutional sites are occupied by i atoms. The molar Gibbs energy and the molar interaction parameter were obtained from the Thermo-Calc 10) database SSOL4.
Derivation of an Expression for
11) The temperature and composition dependence of the interaction parameters were expressed using the Redlich-Kister polynomial. M 23 C 6 was treated as a stoichiometric carbide on account of its carbon content. The formula unit of M 23 C 6 was expressed by employing the three-sublattice model as (Fe, Cr, Ni) 20 (Fe, Cr, Ni) 3 C 6 .
12,13) The three metal elements-Fe, Cr, A formula unit of the s phase, which was expressed using the three-sublattice model, is (Fe, Ni) 8 (Cr) 4 (Fe, Cr, Ni) 18 . 
Derivation of an Expression for Elastic Strain Energy and Interfacial Energy
The evaluation for the elastic strain energy and the interfacial energy between the g matrix and the M 23 C 6 or s phase is discussed below; numerical values needed for the calculation are listed in Table 1 .
The elastic strain energy, which arises due to the difference in the lattice parameters between the g matrix and the coherent M 23 C 6 , is given by the following expression 14) : ............... (5) where E and n are Young's modulus and Poisson's ratio, respectively, and are obtained by using approximations of the elastic and shear moduli of Type 304 steel at various temperatures 15) in a linear function of the absolute temperature by using a least-squares method. h represents the lattice mismatch between the g matrix and M 23 C 6 . Since the value of h for 18Cr-8Ni steel is not available, the value for 25Cr-24Ni steel 16) was employed in this calculation. Table  2 shows the calculated result of matastable equilibrium between g matrix and M 23 C 6 for both of 18Cr-8Ni and 25Cr-24Ni steels at 923 K by means of Thermo-Calc. The value of h for 18Cr-8Ni steel is assumed to be similar to the value for 25Cr-24Ni steel on the basis of a small difference in the concentrations of the phases. The molar volume of the microstructure (V m ) was assumed to be proportional to the alloy concentrations and is given by the following expression: (6) where r is the density of the steel and M i and c 0,i (iϭ Fe, C, Cr, Ni) are the atomic weight and average concentration of the i elements, respectively. The calculation in this study did not take into account the elastic strain energy between the g matrix and the s phase, since the s phase was assumed to precipitate incoherently. The interfacial energy between the g matrix and the s phase (sϭM 23 C 6 , s phase) was calculated for both coherent and incoherent states of the precipitation by using the following equation 1) :
................... (7) where A s , g s , and V m denote the total area of the interface between the g matrix and the s phase per unit volume, the interfacial energy density of the s phase, and the molar volume of the steel, respectively. V s and S s are the volume and the interfacial area of each s phase precipitate, respectively. Beckitt and Clark observed the M 23 C 6 particle within the matrix in Fe-0.19C-18.55Cr-9.85Ni (mass%) steel by means of a transmission electron micrscope. 17) They concluded that the shape of M 23 C 6 is a cube bounded by surfaces corresponding to {110} or {111} planes, since these planes provide good atomic agreements between the austenite matrix and M 23 C 6 particles. Murata et al. observed s phase within grain in the specimen creep-ruptured after 39 560.4 h at 923 K and 78 MPa for Fe-0.07C-18.95Cr-9.57Ni (mass%) steel by means of a transmission electron microscope. 6, 7) They defined that the shape of s phase to be ellipsoidal with an aspect ratio of approximately 10 from the micrographs. Following these previous studies, the shapes of M 23 C 6 and the s phase in this calculation were assumed to be the cube and the ellipsoid with the aspect ratio of 10, respectively. r M 23 C 6 and r s denote the radii of spheres having the same volumes as the cube and ellipsoid, respectively. (11) where p is the aspect ratio of the ellipsoid. If the average intercenter distance between the particles of the precipitate and their nearest neighbor in the matrix is assumed to be L s , then each particle of the precipitate would then occupy a volume of (4/3)p(L s /2) 3 in the matrix. Then, the relationship between the volume of the precipitate and the average interparticle distance can be derived as follows:
Since L s (sϭM 23 C 6 , s phase) was assumed to be the effective diffusion distance for the precipitation, it was transformed into the aging time t using Eq. (10) as follows:
......... (13) where D s is the effective diffusion coefficient corresponding to the precipitation of the s phase (sϭM 23 C 6 , s phase), while D 0,s and Q s are the frequency factor and activation energy for the diffusion, respectively. In this calculation, the values for the impurity diffusion values of chromium and nickel into austenitic iron 19, 20) were used for D M 23 C 6 and D s . g s c and g i s denote the interfacial energy densities corresponding to the coherent and incoherent states of the precipitates, respectively, and their values were used as the fitting parameters.
Calculation of System Free Energy
The values of G system for four kinds of microstructures were estimated from the sum of the chemical free energy G obtained from Eqs. (1)-(4), the elastic strain energy E str obtained by using Eqs. (5) and (6) .... (17) Equation (14) shows that G system 1 can be expressed as a function of only c 0 and T. Equations (15)- (17) show that G system 2 , G system 3 , and G system 4 can be expressed as functions of the concentrations of the matrix (c g ) and precipitates (c M 23 C 6 and c s ), the volume fractions of the precipitates (f M 23 C 6 and f s ), and the aging time (t) in addition to the parameters c 0 and T. When the temperature, average composition, and aging time are provided (i.e., c 0 , T, and t are set), G system 1 can be estimated, and G system 2 , G system 3 , and G system 4 become functions of c g , c M 23 C 6 , c s , f M 23 C 6 , and f s . Therefore, for the fixed values of c 0 , T, and t, the values of G system 2 , G system 3 , and G system 4 can be calculated for different values of the quantities c g , c M 23 C 6 , c s , f M 23 C 6 , and f s by using the SIMPLEX algorithm. Thus, we obtained the minimum possible values of G system 2 , G system 3 , and G system 4 . G 0 , E str , and E s surf were not calculated individually in this stage. Figure 2 shows the changes in the system free energies of G system 2 and G system 4 for various interfacial energy densities (0.1-1.2 J m
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Ϫ2
) with respect to time in the Fe-0.07C-18.95Cr-9.57Ni steel aged at 923 K. The horizontal line (G system 1 ) corresponds to the energy level of the g supersaturated solid solution. The curves of system free energies shift from short term to long term with the increased interfacial energy densities. Time-temperature-precipitation (TTP) curves can be predicted from the positions of intersections of system free energy curves by the following mentioned way. Then, the values of interfacial energy densities listed in Table 1 were employed to fit the predicted TTP curves to the experimental ones. Figure 3 shows the variations in the four different kinds of system free energies with time t using the interfacial energy densities listed in Table 1 . Figure 3(a) depicts the result of the calculation when c 0 and T were set to Fe-0.07C-18.95Cr-9.57Ni (mass%) and 923 K, respectively. The horizontal line (G system 1 ) in this figure corresponds to the energy level of the g supersaturated solid solution. This energy level is independent of time since it does not include the interfacial energy, as indicated by Eq. (14) . The solid (G system 2 ) and the dashed (G system 3 ) curves represent changes in the G system of the microstructure when the coherent and incoherent M 23 C 6 precipitate in the g matrix. The dash-dotted curve (G system 4 ) shows the change in G system of the microstructure of the g matrix in which the incoherent M 23 C 6 and s phase precipitate. A diffusion-controlled phase transformation progresses along the minimum energy path even during the early stages of aging.
2) Thus, as can be seen in Fig. 3(a) , the microstructure remains in the g solid solution until time t 1 at which the coherent M 23 C 6 precipitates from the g matrix; the M 23 C 6 loses its coherency at t 2 , and at t 3 the s phase forms in addition to the M 23 C 6 in the g matrix. Figure 3(b) shows the results of calculations for the same alloy compositions at 873 K, and the results are represented in a manner identical to those in Fig. 3(a) . In this case, the g solid solution is predicted to be present for tϽt 4 , the coherent M 23 C 6 occurs for t 4 ϽtϽt 5 , the incoherent M 23 C 6 is present for t 5 ϽtϽt 6 , and both the incoherent M 23 C 6 and the s phase occur after the time t 6 .
By estimating the four kinds of system free energies for various temperatures in a similar manner and plotting the loci of the intersections of the curves describing their t dependence, the TTP diagram for M 23 C 6 and the s phase can be derived, as shown in Fig. 4 . The solid, dashed, and dashdotted curves in this figure correspond to the loci of the intersections of the curves for the Fe-0.07C-18.95Cr-9.57Ni alloy in the temperature range 823-973 K. The solid and the dash-dotted curves show the calculated times of the start of precipitation for the coherent M 23 C 6 and incoherent s phase, respectively. The dashed curve shows the calculated time for the instant when loss of the coherency occurred between M 23 C 6 and the g matrix. In Fig. 4 , the g solid solution is expected to be energetically stable on the left-hand side of the solid curve, and the coherent and incoherent M 23 C 6 within g grains are stable between the solid curve and the dash-dotted curve. Both M 23 C 6 and the s phase in the g matrix are predicted to be stable on the righthand side of the dash-dotted curve. Murata et al. observed the precipitation of M 23 C 6 and s phase both on grain boundaries and within grains in SUS 304H (Fe-0.07C-0.55Si-1.46Mn-0.023P-0.006S-18.95Cr-9.57Ni-0.04Mo-0.07Cu-0.062Ti-0.014Al-0.0018B-0.0278N (mass%)) practical steel, and decided the TTP curves of precipitation on the grain boundaries and within grains experimentally. 6, 7) In the same figure, the experimental results of only precipitation within grains for SUS 304H practical steel are also plotted 6, 7) ; these results were obtained by using a transmission electron microscope. The g single phase is observed for the temperatures and aging times indicated by the open circles, and the M 23 C 6 precipitate within g grains under the conditions indicated by the solid circles. Both M 23 C 6 and the s phase are observed at the conditions indicated by the solid triangles. The calculated precipitation initiation curves of the M 23 C 6 and the s phase are observed to agree well with the experimental results for a period of 100 000 h (approximately 10 years). The calculated TTP curve for the loss of coherency could not be compared with the experimental data because the transition of M 23 C 6 from the coherent to the incoherent state has not been investigated experimentally. Nevertheless, the system free energy method can predict the loss of coherency in M 23 C 6 .
Making long-term predictions of TTP curves for various alloy compositions becomes possible when the c 0 value is varied. In addition, the chemical free energies and the basic physical parameters listed in Table 1 are the only information required in the system free energy method. The above results suggest that the free energy analysis method is suitable for predicting the precipitation sequences of microstructures in practical heat-resistant steels.
It was found from Fig. 2 that the increase in the interfacial energy densities from 0.1 to 1.2 J m Ϫ2 shifts the time dependence of the system free energy curves to the two order of magnitude longer term in the case of the study. This result presents that the increase in interfacial energy associates with the increase in size of critical nucleus, and causes the nucleation or transition of precipitates in the longer term. Then, the sequences of precipitation depend strongly on the interfacial energy between matrix and precipitates.
23) The experimental data on interfacial energies especially are necessary information for the analysis of nucleation, growth and transition of precipitates among the basic physical parameters listed in Table 1 . Several experimental methods for the estimation of interfacial energies have been proposed, and some interfacial energies of pure metals and simple alloys have been measured experimentally. 24) However, the experimental attempts to estimate in practical heat-resistant steels are lacking in literatures because of their difficulties. So, more experimental data on interfacial energies are necessary to predict the precipitation sequences of heat-resistant steels more precisely using the system free energy method.
Conclusion
The system free energy method was used to predict the precipitation of M 23 C 6 and the s phase within the grains of 18Cr-8Ni austenitic steel. The system free energies of four kinds of microstructures were estimated by using the chemical free energy, elastic strain energy, and interfacial energy. By obtaining the minimum energy path from the hierarchy of the system free energies, curves for the initiation of precipitation for the M 23 C 6 and the s phase in Fe-0.07C-18.95Cr-9.57Ni steel were theoretically determined for a time span of 10 5 h for the temperature range 823-923 K. The calculated precipitation initiation curves agreed well with the experimental results for Type 304H austenitic stainless steel, which suggests that the system free energy method is suitable for predicting the sequences of microstructures in heat-resistant steels.
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